Attorney's Docket No.: 097 12-33 1001 / Z-430 



APPLICATION 



FOR 



UNITED STATES LETTERS PATENT 



TITLE: COMPENSATION FOR ERRORS IN OFF-AXIS 

INTERFEROMETRIC MEASUREMENTS 



APPLICANT: HENRY A. HILL 



CERTIFICATE OF MAILING BY EXPRESS MAIL 
Express Mail Label No. US 330505840 US 

July 29. 2003 

Date of Deposit 



ATTORNEY DOCKET NO.: 09712-331001 
CLIENTREF.NO.: Z-430 



COMPENSATION FOR ERRORS IN OFF-AXIS INTERFEROMETRIC 

MEASUREMENTS 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims priority to Provisional Patent Application 60/399,170, entitled 
"COMPENSATION FOR NON-CYCLIC NON-LINEAR ERRORS IN OFF-AXIS 
INTERFEROMETRIC POSITION MEASUREMENTS," filed on July 29, 2002, the entire 
5 contents of which are hereby incorporated by reference. 

BACKGROUND 

This invention relates to interferometry and to compensating for errors in interferometric 
measurements. 

Distance measuring interferometers monitor changes in the position of a measurement 

10 object relative to a reference object based on an optical interference signal. The interferometer 
generates the optical interference signal by overlapping and interfering a measurement beam 
reflected from the measurement object with a reference beam reflected from a reference object. 

In many applications, the measurement and reference beams have orthogonal 
polarizations and different frequencies. The different frequencies can be produced, for example, 

15 by laser Zeeman splitting, by acousto-optical modulation, or internal to the laser using 

birefringent elements or the like. The orthogonal polarizations allow a polarizing beam-splitter 
to direct the measurement and reference beams to the measurement and reference objects, 
respectively, and combine the reflected measurement and reference beams to form overlapping 
exit measurement and reference beams. The overlapping exit beams form an output beam that 

20 subsequently passes through a polarizer. The polarizer mixes polarizations of the exit 

measurement and reference beams to form a mixed beam. Components of the exit measurement 
and reference beams in the mixed beam interfere with one another so that the intensity of the 
mixed beam varies with the relative phase of the exit measurement and reference beams. 

A detector measures the time-dependent intensity of the mixed beam and generates an 

25 electrical interference signal proportional to that intensity. Because the measurement and 
reference beams have different frequencies, the electrical interference signal includes a 
"heterodyne" signal having a beat frequency equal to the difference between the frequencies of 
the exit measurement and reference beams. If the lengths of the measurement and reference 
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paths are changing relative to one another, e.g., by translating a stage that includes the 
measurement object, the measured beat frequency includes a Doppler shift equal to 2vnp/X , 
where v is the relative speed of the measurement and reference objects, X is the wavelength of 
the measurement and reference beams, n is the refractive index of the medium through which 
5 the light beams travel, e.g., air or vacuum, and p is the number of passes to the reference and 
measurement objects. Changes in the phase of the measured interference signal correspond to 
changes in the relative position of the measurement object, e.g., a change in phase of 2n 
corresponds substantially to a distance change L of X l{2np) . Distance 2L is a round-trip 
distance change or the change in distance to and from a stage that includes the measurement 
10 object. In other words, the phase <D , ideally, is directly proportional to L, and can be expressed 
as = 2pkL cos 2 6 , for a plane mirror interferometer, e.g., a high stability plane mirror 

interferometer, where k = l^IL m d 0is the orientation of the measurement object with respect to 

a nominal axis of the interferometer. This axis can be determined from the orientation of the 
measurement object where <P is maximized. Where 9 is small, O can be approximated by 

15 <& = 2pkL{\-e 2 ). 

In some embodiments, multiple distance measuring interferometers can be used to 
monitor multiple degrees of freedom of a measurement object. For example, interferometry 
systems that include multiple displacement interferometers are used to monitor the location of a 
plane mirror measurement object in lithography tools. Monitoring the location of a stage mirror 

20 relative to two parallel measurement axes provides information. about the angular orientation of 
the stage mirror relative to an axis normal to the plane in which the two measurement axes lie. 
Such measurements allow a user to monitor the location and orientation of the stage relative to 
other components of the lithography tool to relatively high accuracy. 

SUMMARY 

25 Surface variations due to imperfections in a plane mirror measurement object of an 

interferometry system introduce errors in displacement and angle measurements made using the 
interferometry system. The effect of these errors may be amplified when determining the 
location of a mark located away from the interferometer's measurement axis. However, the 
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effect of these errors on off-axis measurements can be reduced or eliminated if the profile of the 
mirror surface is known. 

Interferometry systems that utilize two interferometers to monitor a plane mirror 
measurement object along two parallel measurement axes can be used to map the mirror surface 
profile along a scan line. This is achieved by monitoring the displacement of the mirror surface 
relative to a reference point on each of the two measurement axes while scanning the mirror in a 
direction orthogonal to the measurement axes. Provided the stage on which the mirror is 
mounted does not rotate with respect the interferometers, or where any stage rotation is 
independently monitored and accounted for, the difference between the displacement 
measurements provides a measure of the average slope of the mirror surface between the two 
measurement axes. Furthermore, integrating the slope over the scan line provides a measure of 
the departure of the mirror surface from a perfectly planar surface (also referred to as mirror 
"unevenness"). 

However, correcting interferometry measurements for local slope variations and 
unevenness of the mirror surface using the aforementioned mirror mapping does not account for 
mirror surface variations that occur with spatial frequencies proportional to d' } , where d is the 
separation of the measurement axes. Because variations with these spatial frequencies contribute 
equally to both displacement measurements, they do not contribute to the difference between the 
displacement measurements and do ilot contribute to the mirror surface data. 

Insensitivity to these variations can be mitigated, at least partially, by transforming mirror 
surface data into a spatial frequency domain, and weighting the contribution of certain frequency 
components to an error correction term more heavily than other frequency components. In 
particular, by weighting frequency components close to K = 2rdd (and its harmonics) more 
heavily than other components errors due to the insensitivity of .the mirror mapping method can 
be reduced. 

In general, in a first aspect, the invention features a method for determining the location 
of an alignment mark on a stage, which includes directing a measurement beam along a path 
between an interferometer and a mirror, wherein at least the interferometer or the mirror is 
mounted on the stage, combining the measurement beam with another beam to produce an output 
beam comprising information about the location of the stage, measuring from the output beam a 
location, jci, of the stage along a first measurement axis, measuring a location, X2, of the stage 
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along a second measurement axis substantially parallel to the first measurement axis, calculating 
a correction term, ^3, from predetermined information characterizing surface variations of the 
mirror for different spatial frequencies, wherein contributions to the correction term from 
different spatial frequencies are weighted differently, and determining a location of the 
alignment mark along a third axis parallel to the first measurement axis based on x\ 9 x 2 , and the 
correction term. 

Embodiments of the method may include one or more of the following features and/or 
features of other aspects. 

x\ and xi can correspond to the location of the mirror at the first and second measurement 
axes, respectively. The correction term, can be related to departures of the mirror surface at 
the first measurement axis from a straight line. In some embodiments, the correction term, y/3, is 
related to an integral transform of X2-X\, wherein Xi and X\ correspond to X2 and x\ monitored 
while scanning the stage in a direction substantially orthogonal to the first and second 
measurement axes. The integral transform can be a Fourier transform. Contributions to y/3 from 
different spatial frequency components of variations of the mirror surface can be weighted to 
increase the sensitivity of y/z to spatial frequency components near K and harmonics of K, 
wherein K corresponds to the lidd where d is a separation between the first and second 
measurement axes. The alignment mark location can be related to a location, x$ 9 on the third axis 
given by 

X 3 = X { + ?](x 2 "X l )-\f/ z 

wherein 77 is related to a separation between first measurement axis and the third axis. 

The predetermined information can be compiled by monitoring x\ and x 2 while scanning 
the stage in a direction substantially orthogonal to the first and second measurement axes. 

The method can further include monitoring the location of the stage along a>>-axis 
substantially orthogonal to the first measurement axis. The location of the alignment mark along 
the third axis can depend on the location of the stage along they-axis. 

The measurement beam can reflect from the minor more than once. 

In general, in another aspect, the invention features a method that includes correcting 
measurements of a degree of freedom of a mirror relative to a first axis made using an 
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interferometry system based on information that accounts for surface variations of the mirror for 
different spatial frequencies, wherein contributions to the correction from the different spatial 
frequencies are weighted differently. 

Embodiments of the method may include one or more of the following features and/or 
5 features of other aspects. 

The interferometry system can monitor a degree of freedom of the mirror along a second 
axis and a third axis, wherein the second and third axes are parallel to and offset from the first 
axis. Contributions to the correction from different spatial frequency components of variations 
of the mirror surface can be weighted to increase the sensitivity of the correction to spatial 
10 frequency components near K and harmonics of K, wherein K corresponds to the 2nld where d is 
a separation between the second and third axes. 

In general, in a further aspect, the invention features a method including 
interferometrically monitoring locations X\ and Xi of a mirror surface relative to respective 
parallel axes while translating the mirror surface along a path substantially orthogonal to the 
15 parallel axes, and determining from the monitored mirror locations contributions from different 
spatial frequencies to surface imperfections of the mirror. 

Embodiments of the method may include features of other aspects. 

In general, in another aspect, the invention features an apparatus that includes an 
interferometer configured to produce an output beam comprising a phase related to an optical 
20 path difference between two beam paths, at least one of which contacts a mirror surface, and an 
electronic controller coupled to the interferometer, wherein during operation the electronic 
controller determines a position, x\, of the mirror with respect to a first measurement axis based 
on information derived from the output beam and an error correction term that accounts for 
surface variations of the mirror for different spatial frequencies, wherein contributions to the 
25 error correction term from the different spatial frequencies are weighted differently. 

Embodiments of the apparatus can include one or more of the following features and/or 
features of other aspects. 

The apparatus can include a second interferometer configured to produce a second output 
beam comprising a phase related to an optical path difference between two beam paths, at least 
30 one of which contacts the mirror surface, wherein during operation the electronic controller 
determines a position, x 2 , of the mirror with respect to a second measurement axis based on 
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information derived from the output beam. The first measurement axis can be parallel to the 
second measurement axis. During operation of the apparatus, the electronic controller can 
determine a position, x 3 , of a mark with respect to a third axis based on x\ 9 *2, and the error 
correction term, wherein the third axis is parallel to and offset from the first and second 

5 measurement axes. 

In another aspect, the invention features a lithography system for use in fabricating 
integrated circuits on a wafer, which includes a stage for supporting the wafer, an illumination 
system for imaging spatially patterned radiation onto the wafer, a positioning system for 
adjusting the position of the stage relative to the imaged radiation, and the aforementioned 

10 apparatus for monitoring the position of the wafer relative to the imaged radiation. 

In a further aspect, the invention features a lithography system for use in fabricating 
integrated circuits on a wafer, which includes a stage for supporting the wafer, and an 
illumination system including a radiation source, a mask, a positioning system, a lens assembly, 
and the aforementioned apparatus, wherein during operation the source directs radiation through 

15 the mask to produce spatially patterned radiation, the positioning system adjusts the position of 
the mask relative to the radiation from the source, the lens assembly images the spatially 
patterned radiation onto the wafer, and the apparatus monitors the position of the mask relative to 
the radiation from the source. 

In yet a further aspect, the invention features a beam writing system for use in fabricating 

20 a lithography mask, which includes a source providing a write beam to pattern a substrate, a 
stage supporting the substrate, a beam directing assembly for delivering the write beam to the 
substrate, a positioning system for positioning the stage and beam directing assembly relative 
one another, and the aforementioned apparatus for monitoring the position of the stage relative to 
the beam directing assembly. 

25 In another aspect, the invention features a lithography method for use in fabricating 

integrated circuits on a wafer, which includes supporting the wafer on a moveable stage, imaging 
spatially patterned radiation onto the wafer, adjusting the position of the stage, and monitoring 
the position of the stage using an aforementioned method. 

In still another aspect, the invention features a lithography method for use in the 

30 fabrication of integrated circuits, which includes directing input radiation through a mask to 
produce spatially patterned radiation, positioning the mask relative to the input radiation, 
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monitoring the position of the mask relative to the input radiation using an aforementioned 
method, and imaging the spatially patterned radiation onto a wafer. 

In a further aspect, the invention features a lithography method for fabricating integrated 
circuits on a wafer including positioning a first component of a lithography system relative to a 
5 second component of a lithography system to expose the wafer to spatially patterned radiation, 
and monitoring the position of the first component relative to the second component using an 
aforementioned method. 

In a further aspect, the invention features a method for fabricating integrated circuits, the 
method including an aforementioned lithography method. 
10 In another aspect, the invention features a method for fabricating integrated circuits, the 

method including using an aforementioned lithography system. 

In a further aspect, the invention features a method for fabricating a lithography mask, 
which includes directing a write beam to a substrate to pattern the substrate, positioning the 
substrate relative to the write beam, and monitoring the position of the substrate relative to the 
1 5 write beam using an aforementioned method. 

Embodiments of the invention may include one or more of the following advantages. 
Errors in determining the location of off-axis markers due to imperfections in a plane 
mirror measurement object can be reduced, particularly those errors associated with mirror 
surface variations with spatial frequencies -Irtld, and harmonics thereof. The disclosed 
20 methods can also be used to reduce errors in on-axis measurements. 

Stage mirror measurement objects can be characterized using an interferometry system 
used in the application in which the interferometry system is ultimately used. This mirror 
mapping can be performed in situ. Mapping can be repeated to account for changes that may 
occur over the lifetime of the system. 
25 Due to the disclosed error correction methods, the error tolerances of an interferometer 

and/or other components can be relaxed without compromising measurement accuracy. 
Accordingly, in some embodiments, the system can use less expensive components (e.g., 
mirrors) without compromising measurement accuracy. 

The details of one or more embodiments of the invention are set forth in the 
30 accompanying drawings and the description below. Other features, objects, and advantages of 
the invention will be apparent from the description and drawings, and from the claims. 
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DESCRIPTION OF DRAWINGS 

FIG 1 is a perspective view of an embodiment of a lithography tool. 
FIG 2 is a plan view of the stage and interferometry system of the lithography tool shown 
in FIG 1. 

FIG 3 is a schematic of a high stability plane mirror interferometer. 
FIG 4 is a schematic showing an Abbe offset error. 

FIG 5 is a schematic diagram of an embodiment of a lithography tool that includes an 
interferometer. 

FIG 6(a) and FIG. 6(b) are flow charts that describe steps for making integrated circuits. 
FIG 7 is a schematic of a beam writing system that includes an interferometry system. 
Like reference symbols in the various drawings indicate like elements. 

DETAILED DESCRIPTION 

One example of an application in which distance measuring interferometers are used to 
determine the location of an off-axis marker is for determining the location of alignment marks 
in a lithography tool (also referred to as a lithography scanner). Alignment marks are reference 
marks on a wafer and/or stage that are located by an optical alignment scope, often positioned 
away from the main optical axis of the tool's exposure system. 

Referring now to FIG 1 and FIG. 2, an exemplary lithography tool 100 includes an 
exposure system 110 positioned to image a reticle 120 onto an exposure region 135 of a wafer 
130. Wafer 130 is supported by a stage 140, which scans wafer 130 in a plane orthogonal to an 
axis 112 of exposure system 110. A stage mirror 180 is mounted on stage 140. Stage mirror 180 
includes two nominally orthogonal reflecting surfaces 182 and 184. 

An interferometry system monitors the position of stage 140 along orthogonal x- andy- 
measurement axes. The x- and >>-axes intersect with axis 112 of exposure system 110. The 
interferometry system includes four interferometers 210, 220, 230, and 240. Interferometers 210 
and 220 respectively direct measurement beams 215 and 225 parallel to the j>-axis to reflect from 
mirror surface 182. Similarly, interferometers 230 and 240 respectively direct measurement 
beams 235 and 245 parallel to the x-axis to reflect twice from mirror surface 184. After 
reflection from the mirror surfaces, each measurement beam is combined with a reference beam 
to form an output beam. A phase of each output beam is related to the optical path length 
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difference between the measurement and reference beam paths. Detectors 212, 222, 232, and 
242 detect the output beams from interferometers 210, 220, 230, and 240, respectively, and 
communicate optical path length difference information to an electronic controller 170, which 
determines the stage position from the information and adjusts the position of stage 140 relative 

5 to exposure system 1 10 accordingly. 

The input beam for each interferometer is derived from a common source, laser light 
source 152. Beam splitters 211, 221, 231, and mirrors 241 and 251 direct light from light source 
152 to the interferometers. Each interferometer splits its input beam into a measurement beam 
and a reference beam. In the present embodiment, each interferometer directs its respective 

10 measurement beam along a path that contacts a surface of mirror 1 80 twice. 

Interferometers 230 and 210 monitor co-ordinates jci and^i of the location of mirror 
surfaces 184 and 182 along the x- and>>- axes, respectively. Additionally, interferometers 240 
and 220 monitor the location of stage 140 along a second set of axes, offset from but parallel to 
the x- and y- axes, respectively. The secondary measurements provide co-ordinates xi and yi of 

15 mirror surfaces 184 and 182, respectively. The separations of these secondary measurement axes 
from the x- and j>- axes are known, and are indicated as d and d' in FIG 2. 

In some embodiments, interferometers 210, 220, 230, and 240 are high stability plane 
mirror interferometers (HSPMIs). Referring to FIG 3, an HSMPI 300 includes a polarizing 
beam splitter (PBS) 310, a retroreflector 320, and a reference mirror 330. HSPMI 300 also 

20 includes quarter wave plates 340 and 350, positioned between PBS 310 and mirror surface 1 84 
or reference mirror 330, respectively. 

During operation, PBS 310 splits the input beam, indicated as beam 360 in FIG 3, into 
orthogonally polarized components. One component, measurement beam 335A, is transmitted 
by PBS 310 and reflects from mirror surface 184 back towards PBS 310. On its return to PBS 

25 310, the polarization state of the measurement beam is now orthogonal to its original polarization 
state due to the passing through quarter wave plate 340 twice, and the measurement beam is 
reflected by PBS 310 towards retroreflector 320. Retroreflector 320 directs the measurement 
beam back towards PBS 310, which reflects the measurement beam towards mirror surface 184. 
On the second pass to mirror surface 184, the measurement beam is indicated as beam 335B. 

30 Again, mirror surface 184 reflects beam 335B towards PBS 310. The double pass through 
quarter wave plate 340 transforms the polarization state of the measurement beam back to its 
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original state, and it is transmitted by PBS 310 and exits HSPMI 300 as a component of an 
output beam 370. 

The reference beam is the component of input beam 360 initially reflected by PBS 310. 
The reference beam passes between PBS 310 and reference mirror 330 twice. On each pass, 
quarter wave plate 350 transforms the polarization state of the reference beam by 90°. Thus, 
after the first pass of the reference beam to reference mirror 330, PBS 310 transmits the 
reference beam. After the reference beam's second pass to reference mirror 330, PBS 310 
reflects the reference beam, which exits the interferometer 300 as a component of output beam 
370. 

Displacement measuring interferometers other than HSPMFs can also be used in system 
100. Examples of other displacement measuring interferometers include single beam 
interferometers and/or high accuracy plane mirror interferometers (in which the measurement 
beam can pass to the measurement object more than twice, e.g., four times). Furthermore, 
although the foregoing discussion includes a description of heterodyne interferometry, 
homodyne detection schemes can also be used. 

Referring again to FIG. 1 and FIG. 2, lithography tool 100 also includes an alignment 
scope 160, positioned off- axis from axis 112. Alignment scope 160 is positioned to locate 
objects at a position on the >>-axis, offset from the *-axis by an amount rjd. In the present 
embodiment, a user locates an alignment mark 165 with alignment scope 160. Because the 
position of alignment scope 180 with respect to exposure system 110 and thex- andy- axes is 
known, once the user locates alignment mark 165 with the scope, the location of the alignment 
mark with respect to the exposure system is known. The values of x\, xi, y\ , and yi that are 
measured once the user has located alignment mark 165 provide a set of reference co-ordinates 
indicative of the alignment mark's location on the stage. Based on these reference co-ordinates, 
the user can accurately translate the wafer on the stage with respect to the exposure system to 
locate target regions of the wafer on axis 112. 

Any repositioning of the stage based on the reference co-ordinates should account for the 
angular orientation of the stage when alignment mark 165 is located by alignment scope 160. 
The effect of stage orientation is illustrated in FIG 4, which shows the first and second 
measurement axes as well as an axis 400, parallel to the x-axis, on which the alignment scope is 
located. The location of the mirror along these axes is given by x\ 9 X2, and x^ respectively. 

10 
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Where 0 is zero, x\ = x 2 = jc 3 . However, for non-zero 0, jc 3 - jc, = t]d tan 0 = £ . The offset, £, is 

referred to as the Abbe offset error. 

For a perfectly flat mirror and for small 0 X 



0 = 5-±, (1) 
a 



however, as discussed previously, imperfections in the mirror surface (e.g., surface unevenness 
and/or local slope variations) introduce errors into the interferometrically observed values of x\ 
and x 2 . Hereinafter, observable parameters are indicated by a tilde. Subsequently, 
interferometers 230 and 240 measure x v and x 2 , respectively, wherein jc, = x x + y/ x and 
x 2 =x 2 +i// 2 , where y/\ and y/ 2 represent deviations of the measured values from those for a 
perfect mirror. Substituting x x and x 2 forxj andx 2 inEq. (1), yields 

d d 



Accordingly, for small 0, the Abbe offset error becomes 



s-t]d 



(3) 



which can be recast as 



x 3 =x l +fjd X2 ** -y/^ (4) 



where if/3, is an error correction term accounting for imperfections in the surface of the mirror. 

The error correction term, y/3, can be determined from a mirror map measured in a mirror 

characterization mode. In the mirror characterization mode, stage 140 is translated in the y - 

direction so that measurement beam 235 and 245 of interferometers 230 and 240, respectively, 

11 



ATTORNEY DOCKET NO.: 09712-331001 
CLIENTREF.NO.: Z-430 

scans mirror surface 184 along a datum line and generates signals containing information 
indicative of its angular orientation and apparent surface departure (i.e., surface unevenness) in 
the x - y plane from a plane in the x -direction, along with any contributions due to variations in 
the translation mechanism for moving stage 140 and other sources of error (e.g., cyclic non- 
linearities, and stationary and non-stationary effects of a gas in measurement paths of beams of 
interferometers 230 and 240). The scan produces X x {y) and X 2 (y) , corresponding to 
displacement measurements from interferometers 230 and 240 respectively. 

Simultaneous with translation of stage 140 in the y -direction, interferometers 210 and 
220 monitor the orientation of mirror surface 182 for fixed intercept points of measurement 
beams 215 and 225 with surface 182. This step permits measurement of the rotation of stage 140 
due to mechanical contributions of its translation mechanism, such as bearings, drive 
mechanisms, and the like. Measurement of the angular orientation of mirror surface 182 

provides a redundant measure of the angular orientation, Q(y) , of stage 140 during the scan, 
which can be used to remove the contribution of angular rotations of stage 140 from the X x {y) 
and X 2 (y) data. 

Once corrected for angular rotations of stage 140, X x (y) and X 2 (y) provides a measure 
of the local slope of mirror surface 184 along the datum line. Where there is no contribution 
from stage rotations, the local slope, (dxldy) , is given by 

Kuw- y , <5) 

where the subscript Map refers to data acquired during the mirror mapping mode. A linear fit to 
the {d*ldy) Map data yields (dxl dy) fit , which provides a nominal reference surface. The error 

function y/?> is then determined according to deviations of the mirror surface from (dx/dy) 

based on the following formalism. . . 

The Fourier transform of the average slope [dxl dy) M may be written as 
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(6) 



where 



• (7) 



^|ii a (x^ i (&/^)-* 1 (x f y > (di/^> >te )]} 

= -j=[ j> 2 [x,y,{dx/dy) fit Y'dy - jx x (x,y,(dx/dy) fit je*^] 
The relationship between vj/ 3 |* 3 >%(dx/rfy)^ j and ^ |x,y,(dr/rfy)^ j is 



It is also noted that 



X 2 (x,y + d,{dx/dy)^ . (9) 

15 Eq. (9) is solved according to the following sequence of mathematical operations for the 

Fourier transform of X x [x,y,(dxjdy) ^ j as a function of spatial frequency in the y direction. 

In the following sequence of mathematical operations, X x ^x 9 y 9 ^dx/dy)^ t j and/or 

X 2 ^x 9 y,(dx/dy)j. t j may appear in a simplified notations with a reduced number of parameters 
indicated such as X x and/or X 2 , respectively, or as X x (x,y) and/or X 2 (jc,y), respectively. 



F[(X 2 - A )] = H=[ pi (x,y + d)f*(fy - \X X {x,y)e iK ydy 
+ d^J { dxfdy) fi ^dy 



(10) 
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(ii) 



f[(^ 2 -xjy-^e-™ -i] \x^ y y K y d y 

.d^jidx/dy^dy . 



(12) 



F - ^ )] = - 2ie~ iKdl2 sin (Kd/2) f[x x (x, y)~] 



(13) 



j(Kd/2) 

sm(Kd/2) 



F^x^-X^y)] 
-d^^dx/dy^dy 



(H) 



The Fourier transform F[^ 1 (x,.y)] corresponds to F^i^x^^/ify)^ jj so that 



.1 1 



y,(x,y,{dx/dy) fit ) = i±j- 

F[x 2 {x,y')-X x (x,y')\ 
_ d 1 jidx/dy^dy' 



•I 



I e^-^dK 

sin(Atf/2) 



(15) 
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\\i 3 [x,y,(dx/dy) fit } = 



.111 



2 J2n y[2n 



(16) 



J1-rf(<&M^ J Jsin(^/2) 



(17) 



Thus, 



V 2 [x,y,{dxldy) fi ^= j/(j>,/) 



[x 2 ( Xi y')-X x (x,y')\ 
-d(dx/dy} fi( 



W , (18) 



where, 



V ; 4ti Jsin(tftf/2) 



(19) 



The kernal l(y,y') weights contributions to y/3 from spatial frequencies close to K = 

2n/d and harmonics thereof more heavily than other spatial frequencies. However, the kemal 
l(y,y') has singularities for 



Kd/2 = 0, n, In, . 



(20) 
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Accordingly, a multiplicative weighting function should be introduced to the kemal to limit any 
negative effect of the singularities. The design of the multiplicative weighting function can be 
based on considerations of the signal-to-noise ratios as a function of spatial frequency. One 
example of a multiplicative weighting function is 



where m is an integer and SK <§: . Other multiplicative weighting functions can also be used. 

Although the preceding derivation results in a particular kernal for y/3 which includes a 

weighing function sin"* 1 (Kd/2) , in other embodiments other weighting functions may be used. 

Generally, the weighting function should increase sensitivity to those components of the mirror 
surface profile to which the mirror characterization method is least sensitive. Examples of 
weighting functions include linear, geometric, and exponential functions of K. 

In some embodiments, information about the mirror obtained during the mirror 
characterization mode can be used to correct for on-axis measurements as well. Furthermore, 
mirror surface 182 can also be characterized using a similar mirror characterization mode, and 
this information can be used to reduce errors in both on and/or off-axis measurements along the 



In addition, in some embodiments, additional errors introduced by various components in 
the interferometry system can be reduced using other methods. For example, non-cyclic errors in 
the interferometers can be reduced using techniques disclosed in U.S. Patent Application Serial 
No. 10/366,587, entitled "CHARACTERIZATION AND COMPENSATION OF NON-CYCLIC 
ERRORS IN INTERFEROMETRY SYSTEMS," filed on February 12, 2003, the contents of 
which is hereby incorporated by reference in its entirety. 

In some embodiments, the off-axis measurement is corrected for errors associated with 
mirror surface imperfections prior to the off-axis position information being sent to a control 
system that controls the orientation of stage 140, thereby preventing transferal of these errors to 
the position of the stage. 

Lithography tools, such as tool 1 00, are especially useful in lithography applications used 
in fabricating large scale integrated circuits such as computer chips and the like. Lithography is 
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the key technology driver for the semiconductor manufacturing industry. Overlay improvement 
is one of the five most difficult challenges down to and below 100 nm line widths (design rules), 
see, for example, the Semiconductor Industry Roadmap, p. 82 (1997). 

Overlay depends directly on the performance, i.e., accuracy and precision, of the distance 
measuring interferometers used to position the wafer and reticle (or mask) stages. Since a 
lithography tool may produce $50-100M/year of product, the economic value from improved 
performance distance measuring interferometers is substantial. Each 1% increase in yield of the 
lithography tool results in approximately $lM/year economic benefit to the integrated circuit 
manufacturer and substantial competitive advantage to the lithography tool vendor. 

The function of a lithography tool is to direct spatially patterned radiation onto a 
photoresist-coated wafer. The process involves determining which location of the wafer is to 
receive the radiation (alignment) and applying the radiation to the photoresist at that location 
(exposure). 

As discussed previously, to properly position the wafer, the wafer includes alignment 
marks on the wafer that can be measured by dedicated sensors. The measured positions of the 
alignment marks define the location of the wafer within the tool. This information, along with a 
specification of the desired patterning of the wafer surface, guides the alignment of the wafer 
relative to the spatially patterned radiation. Based on such information, a translatable stage 
supporting the photoresist-coated wafer moves the wafer such that the radiation will expose the 
correct location of the wafer. 

During exposure, a radiation source illuminates a patterned reticle, which scatters the 
radiation to produce the spatially patterned radiation. The reticle is also referred to as a mask, 
and these terms are used interchangeably below. In the case of reduction lithography, a 
reduction lens collects the scattered radiation and forms a reduced image of the reticle pattern. 
Alternatively, in the case of proximity printing, the scattered radiation propagates a small 
distance (typically on the order of microns) before contacting the wafer to produce a 1:1 image 
of the reticle pattern. The radiation initiates photo-chemical processes in the resist that convert 
the radiation pattern into a latent image within the resist. 

Interferometry systems are important components of the positioning mechanisms that 
control the position of the wafer and reticle, and register the reticle image on the wafer. If such 
interferometry systems include the features described above, the accuracy of distances measured 
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by the systems increases as cyclic error contributions to the distance measurement are 
minimized. 

In general, the lithography system, also referred to as an exposure system, typically 
includes an illumination system and a wafer positioning system. The illumination system 
includes a radiation source for providing radiation such as ultraviolet, visible, x-ray, electron, or 
ion radiation, and a reticle or mask for imparting the pattern to the radiation, thereby generating 
the spatially patterned radiation. In addition, for the case of reduction lithography, the 
illumination system can include a lens assembly for imaging the spatially patterned radiation 
onto the wafer. The imaged radiation exposes resist coated onto the wafer. The illumination 
system also includes a mask stage for supporting the mask and a positioning system for adjusting 
the position of the mask stage relative to the radiation directed through the mask. The wafer 
positioning system includes a wafer stage for supporting the wafer and a positioning system for 
adjusting the position of the wafer stage relative to the imaged radiation. Fabrication of 
integrated circuits can include multiple exposing steps. For a general reference on lithography, 
see, for example, J. R. Sheats and B. W. Smith, in Microlithographv: Science and Technology 
(Marcel Dekker, Inc., New York, 1998), the contents of which is incorporated herein by 
reference. 

Interferometry systems described above can be used to precisely measure the positions of 
each of the wafer stage and mask stage relative to other components of the exposure system, 
such as the lens assembly, radiation source, or support structure. In such cases, the 
interferometry system can be attached to a stationary structure and the measurement object 
attached to a movable element such as one of the mask and wafer stages. Alternatively, the 
situation can be reversed, with the interferometry . system attached to a movable object and the 
measurement object attached to a stationary object. 

More generally, such interferometry systems can be used to measure the position of any 
one component of the exposure system relative to any other component of the exposure system, 
in which the interferometry system is attached to, or supported by, one of the components and 
the measurement object is attached, or is supported by the other of the components. 

Another example of a lithography tool 1 100 using an interferometry system 1 126 is 
shown in Fig. 5. The interferometry system is used to precisely measure the position of a wafer 
(not shown) within an exposure system. Here, stage 1 122 is used to position and support the 
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wafer relative to an exposure station. Scanner 1 100 includes a frame 1 102, which carries other 
support structures and various components carried on those structures. An exposure base 1 104 
has mounted on top of it a lens housing 1106 atop of which is mounted a reticle or mask stage 
1116, which is used to support a reticle or mask. A positioning system for positioning the mask 
relative to the exposure station is indicated schematically by element 1117. Positioning system 
1117 can include, e.g., piezoelectric transducer elements and corresponding control electronics. 
Although, it is not included in this described embodiment, one or more of the interferometry 
systems described above can also be used to precisely measure the position of the mask stage as 
well as other moveable elements whose position must be accurately monitored in processes for 
fabricating lithographic structures (see supra Sheats and Smith Microlithosraphv: Science and 
Technology). 

Suspended below exposure base 1 104 is a support base 1113 that carries wafer stage 
1 122. Stage 1 122 includes a plane mirror 1 128 for reflecting a measurement beam 1 154 directed 
to the stage by interferometry system 1 126. A positioning system for positioning stage 1 122 
relative to interferometry system 1 126 is indicated schematically by element 1119. Positioning 
system 1119 can include, e.g., piezoelectric transducer elements and corresponding control 
electronics. The measurement beam reflects back to the interferometry system, which is 
mounted on exposure base 1 104. The interferometry system can be any of the embodiments 
described previously. 

During operation, a radiation beam 1110, e.g., an ultraviolet (UV) beam from a UV laser 
(not shown), passes through a beam shaping optics assembly 1 112 and travels downward after 
reflecting from mirror 1114. Thereafter, the radiation beam passes through a mask (not shown) 
carried by mask stage 1116. The mask (not shown) is imaged onto a wafer (not shown) on wafer 
stage 1 122 via a lens assembly 1 108 carried in a lens housing 1 106. Base 1 104 and the various 
components supported by it are isolated from environmental vibrations by a damping system 
depicted by spring 1 120. 

In other embodiments of the lithographic scanner, one or more of the interferometry 
systems described previously can be used to measure distance along multiple axes and angles 
associated for example with, but not limited to, the wafer and reticle (or mask) stages. Also, 
rather than a UV laser beam, other beams can be used to expose the wafer including, e.g., x-ray 
beams, electron beams, ion beams, and visible optical beams. 
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In some embodiments, the lithographic scanner can include what is known in the art as a 
column reference. In such embodiments, the interferometry system 1 126 directs the reference 
beam (not shown) along an external reference path that contacts a reference mirror (not shown) 
mounted on some structure that directs the radiation beam, e.g.,- lens housing 1 106. The 
reference mirror reflects the reference beam back to the interferometry system. The interference 
signal produce by interferometry system 1 126 when combining measurement beam 1 154 
reflected from stage 1 122 and the reference beam reflected from a reference mirror mounted on 
the lens housing 1 106 indicates changes in the position of the stage relative to the radiation 
beam. Furthermore, in other embodiments the interferometry system 1 126 can be positioned to 
measure changes in the position of reticle (or mask) stage 1 1 16 or other movable components of 
the scanner system. Finally, the interferometry systems can be used in a similar fashion with 
lithography systems involving steppers, in addition to, or rather than, scanners. 

As is well known in the art, lithography is a critical part of manufacturing methods for 
making semiconducting devices. For example, U.S. Patent 5,483,343 outlines steps for such 
manufacturing methods. These steps are described below with reference to FIGS. 6(a) and 6(b). 
FIG. 6(a) is a flow chart of the sequence of manufacturing a semiconductor device such as a 
semiconductor chip (e.g., IC or LSI), a liquid crystal panel or a CCD. Step 1151 is a design 
process for designing the circuit of a semiconductor device. Step 1 152 is a process for 
manufacturing a mask on the basis of the circuit pattern design. Step 1 1 53 is a process for 
manufacturing a wafer by using a material such as silicon. 

Step 1 154 is a wafer process which is called a pre-process wherein, by using the so 
prepared mask and wafer, circuits are formed on the wafer through lithography. To form circuits 
on the wafer that correspond with sufficient spatial resolution those patterns on the mask, 
interferometric positioning of the lithography tool relative the wafer is necessary. The 
interferometry methods and systems described herein can be especially useful to improve the 
effectiveness of the lithography used in the wafer process. 

Step 1 155 is an assembling step, which is called a post-process wherein the wafer 
processed by step 1 154 is formed into semiconductor chips. This step includes assembling 
(dicing and bonding) and packaging (chip sealing). Step 1 156 is an inspection step wherein 
operability check, durability check and so on of the semiconductor devices produced by step 
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1 155 are carried out. With these processes, semiconductor devices are finished and they are 
shipped (step 1157). 

FIG. 6(b) is a flow chart showing details of the wafer process. Step 1 161 is an oxidation 
process for oxidizing the surface of a wafer. Step 1 162 is a CVD process for forming an 

5 insulating film on the wafer surface. Step 1 163 is an electrode forming process for forming 
electrodes on the wafer by vapor deposition. Step 1 164 is an ion implanting process for 
implanting ions to the wafer. Step 1 165 is a resist process for applying a resist (photosensitive 
material) to the wafer. Step 1 166 is an exposure process for printing, by exposure (i.e., 
lithography), the circuit pattern of the mask on the wafer through the exposure apparatus 

10 described above. Once again, as described above, the use of the interferometry systems and 
methods described herein improve the accuracy and resolution of such lithography steps. 

Step 1 167 is a developing process for developing the exposed wafer. Step 1 168 is an 
etching process for removing portions other than the developed resist image. Step 1 169 is a 
resist separation process for separating the resist material remaining on the wafer after being 

15 subjected to the etching process. By repeating these processes, circuit patterns are formed and 
superimposed on the wafer. 

The interferometry systems described above can also be used in other applications in 
which the relative position of an object needs to be measured precisely. For example, in 
applications in which a write beam such as a laser, x-ray, ion, or electron beam, marks a pattern 

20 onto a substrate as either the substrate or beam moves, the interferometry systems can be used to 
measure the relative movement between the substrate and write beam. 

As an example, a schematic of a beam writing system 1200 is shown in FIG. 7. A source 
1210 generates a write beam 1212, and a beam focusing assembly 1214 directs the radiation 
beam to a substrate 1216 supported by a movable stage 1218. To determine the relative position 

25 of the stage, an interferometry system 1220 directs a reference beam 1222 to a mirror 1224 
mounted on beam focusing assembly 1214 and a measurement beam 1226 to a mirror 1228 
mounted on stage 1218. Since the reference beam contacts a mirror mounted on the beam 
focusing assembly, the beam writing system is an example of a system that uses a column 
reference. Interferometry system 1220 can be any of the interferometry systems described 

30 previously. Changes in the position measured by the interferometry system correspond to 

changes in the relative position of write beam 1212 on substrate 1216. Interferometry system 
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1220 sends a measurement signal 1232 to controller 1230 that is indicative of the relative 
position of write beam 1212 on substrate 1216. Controller 1230 sends an output signal 1234 to a 
base 1236 that supports and positions stage 1218. In addition, controller 1230 sends a signal 
1238 to source 1210 to vary the intensity of, or block, write beam 1212 so that the write beam 
contacts the substrate with an intensity sufficient to cause photophysical or photochemical 
change only at selected positions of the substrate. 

Furthermore, in some embodiments, controller 1230 can cause beam focusing assembly 
1214 to scan the write beam over a region of the substrate, e.g., using signal 1244. As a result, 
controller 1230 directs the other components of the system to pattern the substrate. The 
patterning is typically based on an electronic design pattern stored in the controller. In some 
applications the write beam patterns a resist coated on the substrate and in other applications the 
write beam directly patterns, e.g., etches, the substrate. 

An important application of such a system is the fabrication of masks and reticles used in 
the lithography methods described previously. For example, to fabricate a lithography mask an 
electron beam can be used to pattern a chromium-coated glass substrate. In such cases where the 
write beam is an electron beam, the beam writing system encloses the electron beam path in a 
vacuum. Also, in cases where the write beam is, e.g., an electron or ion beam, the beam focusing 
assembly includes electric field generators such as quadrapole lenses for focusing and directing 
the charged particles onto the substrate under vacuum. In other cases where the write beam is a 
radiation beam, e.g., x-ray, UV, or visible radiation, the beam focusing assembly includes 
corresponding optics and for focusing and directing the radiation to the substrate. 

A number of embodiments of the invention have been described. Nevertheless, it will be 
understood that various modifications may be made without departing from the spirit and scope 
of the invention. Accordingly, other embodiments are within the scope of the following claims. 
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